Transport of mRNA from nucleus to cytoplasm is critical for eukaryotic gene expression; however, the mechanism of export is unknown. Selection and screening procedures have therefore been used to obtain a family of temperature-sensitive conditional mutants of Saccharomyces cerevisiae that accumulate poly(A)+ RNA in the nucleus when incubated at 37C, as judged by in situ hybridization. In one such mRNA ransport mutant, mtrl-1, RNA synthesis continues, the export of poly(A)+ RNA is inhibited, intranuclear poly(A)+ is remarkably stable, and protein synthesis gradually stops. Thus, there is no tight coupling between RNA synthesis and export. The export lesion is reversible. Although mRNA export is clearly not a default option, neither inhibition of protein synthesis, inhibition of mRNA splicing, nor inhibition of poly(A)-binding protein function blocks export of the average poly(A)+, as judged by in situ hybridization. Further analysis of the family of mtr mutants should help map the path of RNA transport.
Gene expression in eukaryotes requires the rapid and selective export of mRNA from the nucleus to the cytoplasm. Most pre-mRNAs acquire a 5' m7G cap and are cleaved and polyadenylylated to generate their 3' end. mRNAs have few other common structural features; however, specific proteins are associated with both extremities of intranuclear premRNAs (1, 2) , and intranuclear mRNAs associate with a number of additional proteins (3, 4) as well as the karyoskeleton (5) .
Export of 5S RNA and rRNAs requires association with specific proteins (6) (7) (8) and the export of tRNA is highly sensitive to base changes, possibly for this reason (9) . mRNA export is facilitated by its 5' m7G cap (10, 11) . Exit of tRNAs and ribosomal subunits appears to be receptor mediated (9, 12) .
Because colloidal gold coated with poly(A), tRNA, or 5S RNA microinjected into the nucleus exits via nuclear pores (13) and because exit of tRNA and 5S RNA is inhibited by antibodies that react with pore complexes (14) , it is likely that mRNA also exits via pores. Maximal mRNA release from isolated animal cell nuclei requires ATP (15) (16) (17) .
In Saccharomyces cerevisiae several features of processing of pre-mRNA are relatively simple: only the 5' extremity of mRNA is methylated (18) , only few mRNAs undergo splicing (19, 20) , and the 3' poly(A) tail of yeast mRNA is somewhat shorter than in animal cells (1, 21) . Although nuclear pores of yeast have been characterized (22) (23) (24) , and although temperature sensitive (ts) splicing mutants (prp mutants) have been produced (19, 20, (25) (26) (27) , only a single ts mutant has been claimed to affect mRNA export (28) . This mutant, rnal, has multiple defects in covalent processing of RNA. The corresponding gene product is cytoplasmic (29) . FTo whom reprint requests should be addressed.
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taining cycloheximide and suspended in the same medium at 370C. Part of the cell suspension was fixed. The rest received an equal volume of 40C 4% glucose SD medium containing cycloheximide or 40C glucose-free SD medium containing dinitrophenol, deoxyglucose, and cycloheximide. The incubation was continued at 230C until the cells were fixed for in situ hybridization.
Reversibility of Protein Synthesis. YTK102 was grown overnight in SD medium at 230C. An equal volume of 550C SD medium was then added and the incubation was continued at 370C for 1-3 hr. After the appropriate interval, an equal volume of 40C SD medium containing 6 Ag of thiolutin per ml and 3H-labeled amino acid mixture was added. Culture at 230C was continued for 0-6 hr followed by determination of acid-insoluble cpm.
Analysis of 13-Galactosidase Expression. Strains YTK100 and YTK102 were transformed with pLGSD5 (33) and grown in uracil-free medium containing 2% raffinose to an OD 600 nm of -1 at 230C. Galactose induction was achieved by adding an equal volume of 230C or 550C 4% galactose in uracil-free medium.
To evaluate the reversibility of lacZ mRNA transport at 23°C, galactose induction of cells transformed with pLGSD5 was performed for 2.5 hr at 37°C, as above. Control samples remained in raffinose-containing medium at 37°C. For the 1-to 7-hr reincubation interval at 23°C, uracil-free medium was then added. During this interval all samples contained 1.5% raffinose, 1% galactose, and 2% glucose. f3-Galactosidase activity was measured and expressed as in ref. 31 .
RNA Analysis. Total RNA was extracted (34), dot-blotted to nylon membrane, and UV cross-linked. Oligo(dT) endlabeled with [a-32PJTTP was used for hybridization in 2x SSPE (lx SSPE = 0.18 M NaCl/10 mM sodium phosphate, pH 7.4/1 mM EDTA), 5x Denhardt's solution, 1% SDS, and 0.1 mg of salmon sperm DNA per ml at 37°C. The membrane was then washed with 2x SSC/1% SDS at room temperature, 2x SSC/1% SDS at 37°C, and then lx SSC/1% SDS at room temperature.
To evaluate synthesis of poly(A)+ RNA, tRNA, and rRNA, wild type (wt) and mtrl-l were grown in low phosphate YEPD medium (35) at 23°C and then incubated 0-90 min at 23°C or 37°C in low phosphate YEPD medium prior to addition of 32P,. After 2 min and 10 min samples were washed by filtration using 0.1% Na2HPO4/100 ,g of cycloheximide per ml in 50 mM sodium acetate, pH 5.3/10 mM EDTA. Total RNA was extracted and analyzed on 1% formaldehyde/ agarose and 10% acrylamide/7 M urea gels after elimination of polyphosphate (36) or fractionated on oligo(dT)-cellulose (32, 37) .
RESULTS
Selection of mRNA Transport (mtr) Mutants. To enrich for mutants that cannot export mRNA at 37°C, we have used "suicide" selection procedures based on the supposition that cells that have not exported mRNA for 3 hr will tolerate incubation in the presence of high concentrations of 3H-labeled amino acids or toxic amino acid analogues. In a typical experiment, 3H-labeled amino acid suicide selection of 2.5 x 105 mutagenized cells gave 9 that exhibited progressive slowing of protein synthesis at 37°C and intranuclear accumulation of poly(A)+ RNA at 37°C. A dozen complementation groups of recessive mutants have been obtained. The data presented below concern one of several alleles of one such ts mutant, tsl7a, that was backcrossed to yield the YTK series of strains (mtrl-1). These strains exhibited 2:2 cosegregation of ts growth and accumulation of poly(A)+ RNA in the nucleus after 3 hr at 37TC upon dissection of 20 tetrads from the last backcross.
Basic Phenotype of mtrl-l. Fig. 1A illustrates the kinetics of protein synthesis of mtrl-l by comparison to wt at 230C and 370C. Synthesis is quasilinear except for mtrl-J, which stops after 1-2 hr at 370C. Comparable kinetics are seen for a mutant in which RNA polymerase II is ts (rpbl-J; RY260; ref.
32) and for rnal (not shown).
In situ hybridization to detect poly(A)+ RNA revealed a uniform distribution of fluorescence in wt cells, rpbl-1, or mtrl-J grown at 230C (Fig. 1B, panels 1 and 3) . In rpbl-J, incubation at 370C leads to a progressive disappearance of fluorescence (panel 2). Moreover, in all cases fluorescence was eliminated by pretreatment with nonspecific RNase (not shown). When mtrl-l cells were incubated for increasing periods at 370C, the cytoplasmic signal faded and the nuclear signal increased for at least 3 hr [compare panel 3 (230C) with panels 4 and 7 (3 hr, 370C)]. During this period, the intranuclear signal grows from a focal spot (+40 min) to a more complex often multilobed structure (+80 min) (not shown), which ultimately fills the entire nucleoplasm (panel 6). The accentuated nuclear signal was not seen with a double mutant, rpbl-1 mtrl-1 (panel 5; 3 hr, 37QC), or when the 370C incubation of mtrl-1 was in the presence of 3 ug of thiolutin per ml, an RNA polymerase inhibitor that has little effect on RNA turnover (37, 38) . Since the production of the intranuclear signal requires active RNA polymerase II and is sensitive to RNase we consider that it is poly(A)+ RNA.
To learn whether poly(A)+ RNA export is interrupted at 37°C, mtrl-l was incubated 2 hr at 37°C to yield a strong intranuclear signal and then maintained at 37°C with 3 ug of thiolutin per ml for 1-3 hr. The intense nuclear signal persisted during this period (not shown). Thus, the intranuclear poly(A)+ RNA is surprisingly stable in mtrl-l at 37°C. Such a result would not have been obtained if the steady-state distribution of poly(A)+ RNA in mtrl-l at 37°C (bright nucleus, dark cytoplasm) reflected primarily an acceleration of turnover of cytoplasmic poly(A)+ RNA.
After 3 hr and 24 hr at 37°C, followed by replating at 23°C, recovery of mtrl-l was essentially 100%o and 10%, respectively. After incubation for 1-3 hr at 37°C, a heterogeneous mixture of unbudded and budded cells was seen.
Steady-State Levels, Synthesis, and Turnover of RNA. The impact of the mtrl-l mutation on RNA levels and turnover has been evaluated by comparison to rpbl-J and a mtrl-l rpbl-J double mutant. In the latter two cases, upon shift to 37°C one can directly follow the turnover of preexisting-i.e., >90%o cytoplasmic-mRNA (39) . As illustrated in Fig. 2 Al and A2, mtrl-l cells at 37°C maintain -45% of their initial (23°C) levels of total poly(A)+ RNA for 3 hr at 37°C. Northern analysis of actin mRNA shows a comparable persistence of normal-sized transcripts (not shown). For the mtrl-l rpbl-J double mutant, turnover of cytoplasmic poly(A)+ RNA is accelerated relative to rpbl-1.
Synthesis ofpoly(A)+ RNA and synthesis and processing of rRNAs were evaluated in 2-min and 10-min 32p; pulse-labeling experiments, respectively. Synthesis of poly(A)+ RNA and labeling of 35S, 27S, 25S, 20S, 18S, 5.8S, and 5S rRNAs and tRNA (4S) by mtrl-l continued at levels similar to wt after 30 min at 37°C but were severely inhibited within 90 min (not shown).
To evaluate turnover of intranuclear poly(A)+ RNA, cells incubated 1-2 hr at 37°C were reincubated 0-3 hr at 37°C with thiolutin. Fig. 2B shows that by comparison to wt cells, turnover is severely slowed in mtrl-1. The slow turnover seen for rpbl-l (Fig. 2B) 3, 20, 25 ). We therefore have used in situ hybridization to evaluate the importance of these parameters for RNA export: when wt cells were incubated for 3 hr at 370C in the presence of cycloheximide, the uniform fluorescent signal was more intense than in controls, probably due to stabilization of mRNA (37) . Incubation for 3 hr at 370C of a mutant that is ts for translation initiation (ts 187; ref. 25) or any of four ts splicing mutants (prp2, prpS, prp8, and prpll; refs. 20 and 27) did not modify the uniform in situ hybridization signal. The importance of the PABP for poly(A)+ RNA export was evaluated by shifting a strain that harbors a ts allele of the PABP (YAS120; ref. 1) to 37°C for 3-12 hr and by shifting a strain in which expression of PABP is under galactose control (YAS352; ref. 1) to glucose medium for up to 30 hr. In neither case was an obvious change in the in situ hybridization pattern seen (not shown).
The mnal Mutant Is Distinct from mtrl. We have constructed heterozygous +/mtrl-l +/rnal-l diploids at 23°C and shown that they grow at 37°C. We have also inquired whether rnal-) gives a nuclear in situ hybridization signal comparable to that of mtrl-1. This is not the case, although some nuclear signal is seen after shorter incubation at 37°C. 
DISCUSSION
After polyadenylylation, the export of mRNA from the nucleus of yeast is rapid and efficient (39) . By analogy to animal cells, the intranuclear pre-mRNA is likely to be bound to the karyoskeleton. Export must involve targeting to the sites of exit and translocation through them, probably as a RNA-protein complex. Judging from our observations on prp2, prpS, prp8, and prpll, they also would not identify lesions that primarily block pre-mRNA splicing.
The intranuclear accumulation of poly(A)+ RNA in conjunction with the persistence of intranuclear poly(A)+ RNA in the absence of RNA synthesis and the data on reversibility indicate that export has indeed been interrupted at 370C. Since the kinetics of protein synthesis in mtrl-J at 370C are very similar to rpbl-1, the arrest of export must occur in no more than 410 min. We have also used subcellular fractionation to document inhibition of export of [3H]uridine-labeled poly(A)+ RNA in mtrl-I at 370C vs. 23TC. These observations are striking: after 30 min labeling, only 2-3% of total 3H-labeled poly(A)+ RNA is recovered in the nuclear fraction of wt at 230C or 370C or mtrl-J at 23TC. By contrast, >40% is in the nuclear fraction of mtrl-J at 37TC.
The reversibility of inhibition of translation and the stability of poly(A)+ RNA in mtrl-J show that poly(A)+ RNA in the mtrl-J nucleus at 370C is considerably more stable than the average intron or cytoplasmic mRNA of wt cells (19, 37) .
The volume of the nucleus is only about 1/50 of the cell volume. Since the total amount of poly(A)+ RNA in mtrl-l after several hours at 37°C is -1/2 that of wild type and since most of this poly(A)+ RNA is in the nucleus, the intranuclear concentration of poly(A)+ RNA must be much higher in mtrl-l after 3 hr at 37°C than in normal cells. This exaggeration may stop further RNA synthesis after 30 min and may contribute to the lag period that precedes translation of accumulated mRNAs once the temperature is reduced to 23°C. The lag may also reflect the progressive depletion at 37°C of factors that are essential for protein synthesis.
Why does mRNA export stop in mtrl-J at 37°C? Our data argue that neither the interruption of protein synthesis, inhibition of splicing, nor lesions in the PABP are responsible. The 5' cap methylation and poly(A) length distributions of the average transcript in mtrl-J at 37°C are as expected (T.K., Y.Z., A.M.T., P. Narayan, and F. Rottman, unpublished). Thus, the mutation might affect a critical protein that accompanies mRNA from the nucleus to the cytoplasm. Alterations in its structure could stop export and account for accelerated mRNA turnover in the cytoplasm.
